General Disclaimer 


One or more of the Following Statements may affect this Document 


• This document has been reproduced from the best copy furnished by the 
organizational source. It is being released in the interest of making available as 
much information as possible. 


• This document may contain data, which exceeds the sheet parameters. It was 
furnished in this condition by the organizational source and is the best copy 
available. 


• This document may contain tone-on-tone or color graphs, charts and/or pictures, 
which have been reproduced in black and white. 


• This document is paginated as submitted by the original source. 


• Portions of this document are not fully legible due to the historical nature of some 
of the material. However, it is the best reproduction available from the original 
submission. 


Produced by the NASA Center for Aerospace Information (CASI) 



NASA Technical Memorandum 7920'. 


(HASA-TR-79207) 

STATI-OF- 

IBB-ART OF SiAlOR 

R79-30378 

HATEBIALS (HiSA) 

22 p HC 

102/BF A01 



CSCL 11G 

ODclas 



G3/27 

31865 


SrATE-OF-FHE-ARrOF 
SiAION MATERIALS 


Sunil Dutta 

Lewis Research Center 
Cleveland, Ohio 



Prepared for the 

Forty-ninth Meeting of the Structures and Materials Panel 

L’.cluding a Specialist Meeting on Ceramics for 

Turbine Engine Applications 

sponsored by AGARD 

Cologne, Germany, October 7-12, 1979 


1 


0RK3INAI- PAOl » 

OF POOR QUALfTY 


STATE-OP-THE-ART OP SlAlON MATERIALS 
by 

Sunil Outta 

NASA’Lawia R*«*arch C»nt»t 
21000 Brookpark Road 
Clavalar.d, Otuo 441 JS 


SUMMARY 

Concuicant with tha tacant an9inaarin9 affoits in davalopin9 advancad catanica auch 
aa SIJN4 and SiC for atructuial coaponanta of hi9h taaipatatuta haat an9inaa, ’SiAlON* 
caraaica hava alao liacoaia candidataa for conaldaration. Tna acronya *SiA 10 N* was on* 
9inally 9ivan to naw conpoaitions dativad ftoa silicon nitcidas and oxyritiidaa by si* 
aiultanaous raplacaaant of silicon and nltt09an by alualnua and oxy9an. Othac aatal 
atoas M such as Ba, M9, Li, and Ca can be incotpoiatad, and tna taca has become a 9an- 
eric one applied to S13N4 based aatarials. In this review, tna state*of *tha*art of 
'SlAlONs* IS examined. The revlaw includes work on phase relations, crystal structure, 
synthaels, fabrication, and properties of various SiAlONs. The essential features of 
compositions, fabrication aathods, and aicrostructure are reviewed. Hi9h taaparatura 
flexure stren9th, creep, fracture tou9hness, oxidation, and thermal shock resistance are 
discussed. These data are compared to tnose for soae currently produced silicon nitride 
ca. sales to assess the potential of SiAlON materials for use In advanced 9as turbine en- 
(M 94'’*R- 

I 

INTRODUCTION 

Materials currently bein9 evaluated for structural components of hi9h temperature 
haat en9inas include SIJN4, SlC, and a class of materials called SiAlONs, The term 
"SlAlON* was adopted to desi9nate any composition contalnln9 the elements Si-Al-O-N aa 
major constituents e.9, t'-SiAlON (ref. l, 2 ,i), 0 '*SiA 10 N (ref. 4 ), ISR-SiAlON Uef. hi 
etc. However, most frequently, the term SiAlON rcfeis to 6*Sl3N4 solid solution called 
fi'-SlAlON. SiAlON compounds can be made by a hi9h temperature reaction between silicon 
nitride or oxynitride and alumina in which simultaneous replacement of silicon and ni- 
tro9en by aluminum and oxy9en occurs. Other metal atoms M such as Be, M9, Li (ref. S) 
and Ga (ref. 6) can also be incorporated and the term has thus become a 9eneric one ap* 
plied to Si*M- 0 -N based materials. Amon9 various SiAlON materials, S-SiAlON has been 
of 9ieat interest because It was claimed to have a low thermal expansion (ref. 2,6), 

900d hi9h temperature modulus of rupture and 900d oxidation resistance (ref. 7 ). It was 
also reported that the S'-SiAlON could be fabricated to hi^h density by conventional 
sinterin9 ter-hniques (ref. 2 ), These reported properties indicate that s'-SiAlON cer- 
amics miqht be candidates for hi9h temperature applications, and therefore, have 9«ner- 
ated considerable interest. In this paper, the state-of-the-art of SiAlON is examineo. 
The paper reviews work on phase equilibria, structure, fabrication and properties. 

Based on this review, tha potential of SlAlON materials for use in advanced qas turbines 
will be examined. 


PHASE EQUILIBRIA AND STRUCTURE 

The existence of S'-SiAlON in the system SI 3 N 4 - Al^Oj was first reported by Oyama 
and Kemlqalto <tef. 1) in Japan and by Jack and Wilson (ref. 2) in Enqland. Subsequent 
studies by the same workers reported a solid solution (8'-SiA10N) forming region in 
the systems S 13 N 4 - S 1 O 2 * AI 2 O 3 (ref. 5) and S 13 N 4 - AIN - Al 20 ^ (ref. i) . Detailed 
compatibility and phase equilibria studies were reported by Gauckler et. al (ref. 8 ) and 
Jack (ref. 4) in the system S 13 N 4 - AIN - Si 02 * AI 2 O 3 and their diagrams ate shown in 
Pigs. 1 and 2. Jack (ref. 4 ) refers to his diagram (Fig. 2) as an ‘Idealized Behavior 
Diagram* rather than an equilibrium diagram since it combines data obtained from speci- 
mens hot pressed at temperatures ranging from 1580 to 2000 C. Most of the data, how- 
ever, were obtained at 177S C. On the other hand, the diagram by Gauckler et.al (ref. 

8 ) IS an isothermal section at 1760 C (Fig. 1). According to both Jack and Gauckler, 
the 6'-SlA10N region extends from the Si 3 N 4 corner in the direction ot AIN.AI 2 O 3 
along a line representing a constant metal/non-metal (M/X) ratio of ii4 and can there- 
fore, be described by the empirical formula Si^.^ Al^ Ov Ny-x k*0 to 4.2. 

In the oxygen rich part of the diagram, mulllte and X-pRase SlAlON (formula 
S14AI4O33N2) were observed. In the AlN-rlch part of the system, five new phases 
were identified (ref. 8) in the region between 8 '-SiA 10 N and AIN. The phases called X 2 , 
X 4 , X 5 , X6, and X 7 are shown in Fig. 1 and are located along lines of constant metali 
non-metal ratios. These were later Identified by Jack (Fig. 2 ) as AiN polytypes 
(ref. 4 ). The diagrams proposed by Jack and Gauckler et. al. ace quite similac except 
that the locations of AIN polytypes are slightly different. Work by Layden (ret, 9 ) es- 
tablished the liquidus isotherms (Fig. )) in part of the system lying between SlOj- 
rich corner of the diagram and X-phase. 

fi'-SiAlON has a 8 -silicon nitride structure whicn extends along the 1M/4X line but 
the sizes of the tetrahedra and hence also the unit -cell dimensions, increase as alumin- 
um and oxygen replace silicon and nitrogen (ref. 8 ). Silicon oxynitride O'-SiAlON 
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(cat. 41 fiitanda alonq tha 2M/JV (■atal/non*aatal) ilna with the 8t^N/0*typa struct- 
ura and lar 9 ar unit'call dlBanatonr, Tha structura o( X>priasa, also dasignatad as 
*Oyaaa>Phasa* (taf. 4) and *J>pnasa* |raf.4) has baan intarptatad in tacas of savacal 
diffarant unit calls. Dtaw and Lawis (raf. 10) ptoposad a ttlclinic structuta, wtiila 
Cuqal (raf. 11) proposad and octhochuabic lattica. Most cacantly, tha unit call has 
baan datarainad to ba aonoclinic (rat. 4). 

Singla phasa d'>StAiON fotainq caqions in othat systaas such as SIJN 4 - AI 2 O 1 - 
BajSiOa, SI 3 N 4 -AljOj . LijO and SI 3 N 4 - Al^Oj - M 9 O wnra rapoctrd by JacK (raf. $) , 
whila Oyaaa (raf. i) rapottad a <*>focatnq ragiun in tna aystaa 8 itN 4 • AljOj - 
Ca 20 j. Extanaiva tarnary solid solutions wars found to axist in all of thasa sys* 
taas. Oatailad phasa aquillbcia in tha aystaa SIJN 4 - 81 O. - BaiN^ - BaU wata 
rapottad by Husaby at. al (raf. 12) and ara shown tn Fig. 4. A latga solubility of 
Ba 2 Si 04 rn 8 * 8 iiN 4 and of BaO in BaSiN. was found to occur tn this aystaa. 

Tha solid solubility of Bs 28 i 04 in 0 >SI>N 4 dactaasas with incraasing taapar* 
atura troa 19 aol4 at 1770 C to 11. S aolt Be 2 Sl 04 at 1880 C. Thata aia othar 
singla-phasa aatarials in this systsa and all hava aodarata solubilttias along linos of 
dafinita aatal inon-aatal (It/X) ratics and saall solubilttias parpandicular to thasa 
linos. 

tn tha systaa StjNa - St 02 - AIN - AI 2 O) - BojN 2 * BaO, Caucklar (raf. li) found 
that tha singla-phasa solid solution with 8 -SijN 4 structura was rastrictad to the 
plana connecting the points SljN 4 ^Ba 2 Sl 04 , BaAl 204 and AIN 1 AI 2 O 1 . This is shown 
in Fig. Sa. These four points are co-planar in tha quaternary diagram. All composition 
points on this plana have a constant metal to non-metal ratio of li4. Tha plana of Ji4 
IS shown in Fig. Sb. A large area of single phase region with the 8 -SIJN 4 struct- 
ura is located on this plane. No single-phase solid solution was found either above or 
below this plane. 

In tha quasiternary ayatam SI 3 N 4 - AIN - BsjN 2 shown in Fig. b, GaucXler at. 
al (raf. 11) faund a complete solid solubility exists from AIN *-o BaSiN 2 . The lattica 
paramatars in this solid solution with a wurtxite structure increase linearly with in- 
creasing Al concentration. 


FABRICATION 


A. Hot Pressing 

Hot pressing has been found to ba the easiest technique for fabricating theoreti- 
cally danse, fine-grained bodies with high strength in covalent materials such as 
S 13 N 4 and SIC. Consequently, most early work on phase equilibria, structura, and 
property evaluation was conducted on 0'SiAlONs fabricated by hot pressing. Table I 
lists starting materials for various fi'-SiAlON formulations and their hot pressing 
parameters. In most of the investigations, various material combinations listed In 
Table 1 were hot pressed at temperatures where simultaneous chemical reaction and dens- 
Ification were taking place under applied pressure. MgO was commonly used as an addi- 
tive to promote densif ication. Tha moat affective lot pressing temperature range was 
16SO-17SO C. Time at temperature varied in these investigations, but generally ranged 
from approximately 10 minutes to 2 hours. Heating tne compacts was accomplished by in- 
duction or resistance heating of graphite or SiC. The reaction of carbon with the com- 
pact was minimized by using a BN liner or container. 

The experimental studies shown in Table I illustrate the varied nature of investi- 
gations in hot pressed 0'-SlAlONe. Characterization of tha hot pressed materials has 
included phase equilibria, structura, and cnemistry which hava been discussed in the 
preceeding sections. Strength, creep, thermal and oxidation behavior will be discussed 
in following sections. 

B. Pressureless Sintering 

Pressuraless sintering when compared to hot pressing has the advantage of shape cap- 
ability and high volume production of small as well as large components. The expense of 
machining prevents hot pressing from being a coat effective process for many appli- 
cations. As a result, much effort has been devoted to fabrication by pressureless sin- 
tering. Table II shows a list of pressureless sintering studies conducted with various 
material combinations with and without additives. Sintering was conducted at about ons 
atmosphere of nitrogen to produce bodies with densities as high as -98% theoretical. 

The most affective sintering temperature regime end tine period were 1770-1760 C for 2 - 
4 hours respectively, although a much broader range of temperature and time was used by 
different investigators. 

Jack (ref. 2) reported that a SI 1 N 4 ana AI 2 O 3 mixture could be fabricated to 
dense single phase 8 'SiAlON bodies by pressureless sintering. However, other work 
(ref. 11) indicated that the resulting SiAlON contained other phases. Morgan (raf. 24) 
predicted in a presentation cited by (.ayden (ref. 9) that single phase B'-SiAlON com- 
positions having stoichiometries given by the formula s 1 3 .xAl„OxN 4 .x would not 
sinter. Layden (ref. 9) also reported that as a pure phase ;'SiA10N could not be sin- 
tered to high final density. However, B' bodies formulated from starting materials 
that form some liquid at the sintering temperatures could be sintered to high density. 
For example, Layden introduced the term 'transient liquid phasa sintering* or TLP. In 
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this proceosi SiAlON bodios of composition 601.6^2 4 were formuioted 

from two prercacted compoaltlona, one of whlcn was X phase which melts in the neighbor- 
hood of 1700 C* The second composition was 'Calculated from the lover rule to yield sin- 
gle phosc B'-SlAlON when reacted with a predetermined amount of the X-phase at temper- 
atures above 1700 C. The “transient liquid phase sintering" was confirmed by Cauckler 
et. al (ref. 25) during sintering of B'-SiAlON compositions utilizing as starting ma- 
terials only AIN and Si02 and no additives. Gauckleret, nl concluded that different 
sintering kinetics would be expected for different sets of starting materials e.g. 

Si3N.j, AlN, Si02 powders or Si3N4, AIN, AI2O3 powders or Si02 and AIN 
powders because of different reaction mechanisms (ref. 25), The formation of liquid fa- 
cilitates densif iention and chemical reaction. Drew and Lewis (ref. 10] also observed 
the formation of liquid phase during sintering of Si3N,j and AI2O3 mixtures, 

Recently, Arias (ref. 26) determined the effect of oxygen to nitrogen ratio (0/N) on 
the ptessureless sinterability of SiAlONs of formula Si2.55Alg,60yN4»o.66/ v 
(where y varied from 0.57 to 1.92). utilizing starting inatotiala SijNi, AIB, and 
Si02 plus a small amount of AI2O3 from the grinding media but no additive, a maxi- 
mum density of about 98i of theoretical occurred in the 0/H ratio conge between 0.2 and 
0,3. It is very likely, that liquid formed in various phase fields according to the be- 
havior diogram shown in Fig. 2 and promoted densif Ication in all compositions as y var- 
ied from 0.‘o7 to 1.92, 

In contrast to sintering by forming liquid within the system itself, additives which 
provide a liquid phase at the sintering temperatures ace commonly used for densifying 
Si3Nj based cccaraics. For example. Fig. 7 shows typical densif Ication behavior of 
R'-SiAlON (St2,4Alo,gOQ_6N3^6) as a function of temperature (ref, 31). The 
starting materials used were Si3Na, AIN, and AI2O3 with 6 and 3 moll of addi- 
tives (Y203“Si02) . The 1203 S1O2 molar ratio was constant at li2. Sin- 

tering was promoted by a liquid formed by an initial reaction between Y2O31 Si02 
and AI2O3. In any case whether a liquid formed by tne foreign additives or during 
sintering of bodies formulated with major constituents such that some liquid la formed 
at the sintering temperature, a grain boundary glassy phase is retained in the sintered 
body. It will be seen later that this glassy phase has a controlling Influence on the 
high temperature properties of the sintered body (ref. 9). 


DDNSITY AND MICROSTRUCTURE 

S'-siAlON compositions have been fabricated to o.ssontially theoretical donnity by 
hot pressing, while pressuroloss sintering Itos resulted in maximum densities close to 
9Bl of theoretical, (ref. 30, 31). The density values of hot pressed ^'-siAlONs have 
varied from 3,09 to 3.ifa g/oc (tef. 17) depending on the location along the 
fl' -homogeneity line (Fig. 2,J) . The density of other phases has been found to be 3.05 
g/oc for X-phaso (ref. 18) and 3.08 g/cc for 15R polytype phase (ref. 18). 

In general, the miccostcucturos of both hot pressed and sintered materials consisted 
of d' -SiAlON as the predominant phase with some Isolated porosity and raetallio looking 
phase in a uniform matrix. In some cases isolated grains of X-phase and 15R poly- 
type phases were also identified (ref, 10) . Typical grain sizes of the hot pressed com- 
positions were found to vary between 0,2 - 2 am (ret. 10) while the grain size range 
0.15 - 5.0 am was observed in prcssureless sintered compositions (ref. . The grain 
morphology in both sintered and hot pressed materials was clwracterlsbic of tlie presence 
of a liquid phase during donsification. This liquid phase was retained in inter- 
crystalline spaces during cooling from the hot pressing (tef. 19) or sintering temper- 
ature (tef. 31) and formed a glassy phase at the grain boundaries. 


PROPERTIES 

Most of the mechanical properties reported in the literature are for S*-SiA10N In 
the systoii Si - Al - O - N, while other systems e.g. Si, Be/N, Of Si, Al Be/N,0 etc., 
have been examined primarily with respect to solid solubility, phase relationships, and 
structure. Because of their similar structures, the physical and mechanical properties 
Of fl'-SiAlON and rf-Si3N.j are also similar. In tnis review, the properties of 
various B'-SlAlON compositions in the system Si-Al-O-N arc discussed. 

Modulus of Rupture 

Artol (ref. 7) reported the room temperature modulus of rupture (3-point MOR) of a 
hot pressed S'-S1 a 10N to be as high as 825 MPa. He also reported the strength of sin- 
tered flJ-SiAlON to be 330 MPa. The compositions or formulations cf neither material 
were defined. Other workers have reported the NOR of hot pressed and Sintered 
B'-SiAlONs where the formulations or compositions are defined to varying degrees. Those 
are summarized in Table III. In Table III, average values at room teiiipecatuce and at 
1370 C are given for various ri'-siAlONs male from different starting materials. The 
highest room temperature strength of hot pressed B'-SIAION bodies was found to be 648 
MPa (ref, 17) , while the highest strength obtained in prossureless sintered bodies was 
483 MPa (ref. 31) • At 1370 C, the highest MOR for sintered materials was 375 MPa (ref. 
29). Only one value 240 (ref, 18) MPa is listed for a hot pressed 0'-SlAlON at 1370 c. 
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Whore data aro availablp over a range oC tcmperoturcs, the etrength o£ sintered 
S'*SiAlnMB is compared with the strength of silicon nitride currently produced in USA> 
This is shown in Plg> B. as con be sccni the room temperature strength oC sintered 
B'-siAlON compares favorably with room temperature strength of sintered Si 3 H 4 , On 
the other bond, the room temperature strengths of sintered d'-SiAlON are considerably 
lower than the room temperature strength of hot pressed £ 13^4 (nC-132) . 

At high tcmperoiurc (1370 C) , the strength of sintered d'-SiAlON is equivalent to or 
higher than the strenci^ of sintered Si 3 Wd but lower than the strength of hot press- 
ed Si 3 N 4 (NC-132) . 

The room terapcrat(ire strength is controlled by residual porosity, surface flaws, 
foreign inclusions etc., in tlie body, while the high temperature etrength is controlled 
by the grain boundary phoscs retained in the body during cooling from the sintering tem- 
perature. The groin boundary phase softens at high temperatures thus leading to slow 
crack growth and subsequent loss in strength. Fig, 9 shows an example of such typical 
slow crack growth foilurc (V-shaped area) in the fracture surfaces of a 13B0 C >S0R bar 
of jJ'SlAlON sintered with 6 mol* (Y 2 O 3 - SiOj) additive. Since the intended use 
of SiAlON has largely been for high temperature, high performance applications similar 
to those being attempted with Si 3 N 4 and SlC, improvement in strength at high temper- 
ature is desirable. 

Creep 

[limited creep data are available on S'-SiAlONs as compared with modulus of rupture 
data. Arrol (rof. 7) determined the creep behavior of several hot pressed SiAlONs, and 
compored the data wifeh hot pressed SI 3 N 4 (HS-110) and (US-130), hot pressed SlC and 
reaction bonded Si 3 N 4 . These ore shown in Fig. 10. As con be seen, creep in the 
SiAlONs can vary depending on composition from n high value similar to that of US-llO to 
a value as low as that of hot pressed siC. bumby et. al (ref. 33) compared the creep 
data of a prcssurcless sintered SiAION with the data for various silicon based ceramics 
which ore shown in Fig. 11. The sintered SIAION has a creep rate lower thai'. thot oC hot 
piesscd Si 3 N 4 (HS-i30) , reaction bonded"Si 3 N 4 or aefel SIC but slightly higher 
than tliat of hot pressed SIC. Lumby further observed a strong dependence of creep be- 
havior on AlN concentration. Creep after 20 hours at 1227 C and 77 MN/m* decreased 
from 0.275* shroin for a S'-SlAiON composition contained 7,75 wt* AlN down to 0.06* 
strain for a composition which contoinod 11,25* AIN (ref. 17) . 

According to Laydcn (ref. 9) , throe point flexural creep tests li; argon of TI«P sin- 
tered SiAION gave a steady state creep rate of 3,1 x lO"*’ hr at a stress level of 
82 MN/m^ at 1400 C. This value was below the compcessional creep rate of hot pressed 
SI 3 N 4 under these conditions which has been reported (rof. 36) to be 5.4 x 10*’ 
hr“i. Layden also determined that the creep rate of the Y 2 O 3 containing S' 

SiAION bodies was about 6 x ID'S hr'i at 1370 C and a stress level o£ 69 MN/m^ 
which was comparable to that of commercial hot pressed Si 3 N 4 (HS-130) at the same 
stress and temperature. He observed that creep behavior was controlled by the prop- 
erties of the grain boundary phases. For example, B 'SiAION compositions containing 
Zr 02 additives exhibited slow crack growth during testing due to rapid flow of the 
grain boundary phases at stresecs as low as 69 MN/m^ at 1370 c. On the other hand, 
S'-SlAlON containing Y 203 exhibited higher refractoriness of the grain boundary 
phases. Therefore, no slow crack growth occurred during testing to 345 HN/m^ at 1370 
C and the specimens failed by faa*^ fracture . « 

Fracture Toughness 

Fracture toughness (Kiq) values reported in the literature for various SiAION com- 
positions are listed in Table IV. Genecally, the values are lower than those of hot 
pressed 5 I 3 N 4 . For example, Wills et,; al Itof. 37) found the fracture toughness 
values varying between 1.32 and 2,65 HN/m“J/2 coaipsted with 6 HN/m*^'^ for 
(HS-130) hot pressed Si 3 N 4 . wills also suggested that the presence of X - phase 
should be kept at very low levels and preferably be eliminated completely to improve the 
fracture toughness in SiAlONs. slraUatly, Oauckler et. al (ref. 18) reported lower 
fracture toughness values (Table IV). However, Lumby et. al (ref. 33) observed a high 
fracture toughness value (6.0 MN/m'^'^J for a prcssurcless sintered siAlON similar to 
(HS-130) hot pressed SI 3 N 4 as well as hob pressed siAlON, measured by the same 
technique (ref, 33). He also determined the variation of fracture toughness with tem- 
perature for both hot pressed and sintered SiAlONs which is shown in Fig. 12. Lumby sug- 
gested that the increase in fracture toughness at higher temperatures was associated 
with the viscous deformation of the grain boundary pliase. The variation in Kj^. values 
shown in Table IV could probably be attributed to variation with SiAION composition and 
fabrication techniques as well as variation with the fracture toughness measuring tech- 
nique. 

Oxidation 

Oxidation resistance is one of the key properties that must be satisfied by a mater- 
ial in order to be candidate foe high temperature applications. Jack (ref. 2) and Arrol 
(ref. 7) reported that the oxidation resistance of B'-siAlONs is better than that of 
hot pressed si 3 N 4 (HS-130). Layden (ref. 9) later confirmed this in his evaluation 
of oxidation behavior of TLP sintered SiAlON compositions. He observed that the oxi- 
dation rate of TLP Sii, 4 Ali. 60 i. 6 N 2,4 was an order of magnitude loss than that 
of (HS-130) hot pressed Si 3 N 4 at 1400 C (ref. 38). Layden (ref. 29) also made an ex- 
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tensive ntudy on the oxidation behavior of 0*-SlAlON compositions pressurelcss sintered 
with various additives such as Ce02i Zr02> ^2^3'* 2t02 • These are 

shown in parabolic plots in Fig. 13 {ref. 29, 39). Cc02 doped niaterial had the high- 
est weight gain while TLP material (without any additive) had the lowest weight 9ain 
followed by Zc02 doped SiAlON (Fig. 13) . Both TLP and Zt02 <^opod siAlONs had much 
higher oxidation resistance than that of hot pressed Si3H4 (IIS-130) . Similarly, 

Dutta (ref, 31) and Arias (ref, 30) reported a higher oxidation resistance in 
S’-SiAlOKa doped with y203-Si02 and Y2®3 respectively, as compared with 
HS-130. Very recently. Atlas (ref. 32) determined the oxidation resistance of SiAlON-C 
(Si2.S5ftl-D. 6^0.72^3, 52) be even higher than that of TLP and zr02 doped 
SlAlONs. This is sfiown in Fig. 14. The oxidation behavior of several SiAlONs is com- 
pared with those of hot pressed silicon nitride (HS-130) produced commercially. All the 
sintered SiAlOMs showed better oxidation resistance than hot pressed HS-130. This hot 
pressed Si3N4 had the highest weight gain, while SiAlON - C (ref. 32) had the lowest 
weight gain followed by TLP SiAlON (ref. 9). The oxidation rote constant for SiAlON - C 
is 2.3 X IQ'i^ q2/cm') hr"l as compared with, 2. 67 x 10"8 g2/cm4 hr“i for 
hot pressed 81384 and 1.96 x 10"9 g2/cm^ hr"i for TLP SiAlON, indicating 
that SiAlON compositions can be produced with excellent oxidation resistance as compared 
with this hot pressed Si3N4. However, these sintered SiAlONs such as SiAlON - C and 
TLP SiAlON haVe poor room temperature strength as compared with hot pressed Si3N4, 

For these materials to be accepted for turbine applications, further composition devel- 
opment is necessary to combine good oxidation behavior and good mechanical properties. 


Thermal Expansion 

Jack (ref. 2) reported the linear thermal coefficient of expansion of B'-SiAlON 
(Sl3Al2,6704N4) to be 2.7 x 10“fiC“l which was less than that of B-SI3N4 
(3.5 X 10“6c"^) . On the other hand, GtucKler et, al (ref. 18) reported an average 
value of 3.4 x 10"®C~1 which was in good agreement with the value for pure 
B-S13N4. Gauckler observed an almost linear decrease of the thermal expansion co- 
efficient with increasing Al concentration for the Sig.^AlxOxNs-x SiAlON which 
is shown in Fig. 15. 


Wills et. al (ref. 37) reported linear thermal expansion of three sintered SiAlON 
compostions. The expansion of the two compositions Si4,94Ali,06Ol.06N6.94 and 
Si4Al202N6 was identical (3 x 10"8 C"l) but the third composition ‘s' +*X 
showed greater expansion (3.3 x 10"“ C“i) because of X - phase (ref. 37) . However, 
collective data clearly indicated that the thermal expansion coefficients of B'-SiAlON 
compostions and of S-Si3N4 are quite similar. 

Thermal Shock 


Water quench thermal shock resistance (ATj;*) of several SiAlONs determined by var- 
ious investigators are listed in Table V along with data for other silicon based cer- 
amics for comparison. The collective ATq values for S' -SiAlONs are comparable to 
those of Various silicon carbide ceramics and reaction bonded silicon nitride. However, 
the values are considerably lower than that of hot pressed silicon nitride (Table V) . 
Gauckler suggested that the poor thermal shock behavior of the S'-SlAlON despite its 
lower coefficient of thermal expansion was caused by the low thermal conductivity and 
poor fracture toughness of the material. 


CONCLUDING REMARKS 

The present review has shown that since the discovery of SiAlONs', a number of in- 
vestigations have been made of their phase equilibria, structure, fabrication and prop- 
erties. SiAlONs can be prepared by several chemical routes. Fully dense bodies can be 
produced by hot pressing, while a final density *98% of theoretical can be achieved by 
pressurelcss sintering. Both room temperature and high temperature strengths of sin- 
tered S '-SiAlONs are equivalent to or higher than the strengths of sintered silicon ni- 
trides but lower than the strength of hot pressed silicon nitride (NC-132) . On the 
other hand, many SiAlON compositions have higher oxidation resistance than those of hot 
pressed silicon nitrides, and therefore, have a better chance of longer survival In an 
oxidizing environment. However, the most significant lack in the current state of the 
art of SiAlON is that no SiAlON composition has yet been developed which exhibits good 
low temperature strength as well as good oxidation resistance. Indeed some of the 
SiAlONs that have exhibited the best oxidation resistance have also had low strength at 
high temperature. Only a few of the SiAlONs identified to date hold promise for high 
temperature use in gas turbines, Because of their low strength at lower temperature, it 
is not likely that sintered SiAlONs nor sintered silicon nitride will be used for inte- 
grally bladed turbine wheels. Such wheels are highly stressed in the lower temperature 
region of the hub. To date hot pressed Si3N4 has been the favored material. How- 
ever, SiAlON materials have the advantage of ptessureless sintering to high density and 
thereby have the potential for providing low cost net shape components to intricate ge- 
ometry without expensive machining, 


- critical quenching-temperature difference required to initiate thermal 
stress fracture (see ref. 41 for more detailed explanation) . 


At prcsont, a mote likely uao for sintered siAlOHa in the turbine is for stator 
vanoB which tun hotter, and, at lower stresses than turbine blades or disks. For those 
SiAlOHs that have potential for use in gas turbines, much work remains to bo done to 
characterize them in the depth required for such an application. 

It is to be hoped that improvement in mechanical properties can be achieved in com- 
bination with good oxidation resistance by choosing proper chemical formulations. Work 
to date indicates that such a combination can bo best achieved at low AI2O3 concen- 
trations, However, to select an optimum composition, a clear understanding of the phase 
equilibria of the particular system is essential. 
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Figure 3. - The Si^N^ AIN-AUOo - Si02 system showing 
liquidus isotherms! 1650® - iSXr C) between the Si02 
corner and X-phase (ref. 9). 



Figure 4. - Isotheirnal section of the system Si3N4*Si02- 
BeO-Be 3 N 2 at 1780® C (ref. 12), 
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Figure 6. - The systems Si-AI-Be-N at 1780® C (ref. 131. 
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O A (6 mol % Y^3-Si02^ 
□ B »3 mol % Y^3-Si02> 



TEMPERATURE. °C 


Figure 7. - Density of sintered P' - SiAION for 1 hour at 
different temperatures (ref. 31). 
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Figure 8. - Comparison of strength behavior of SiAION and Si 3 N^ materials. 
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Figure 14 - Parabolic plots of the oxidation of various SijN 4 ceramics at 1370° to 1400° C. 







